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Introduction
It is increasingly recognized that the dynamic forces which shaped the "Malthusian epoch" are key factors in explaining the transition to sustained growth and thus in explaining contemporary income differences. Still, important aspects of the pre-industrial growth record remain ill understood. In particular, existing theories ignore the dynamics of human body size and its links to population dynamics and average living standards. This state of affairs is problematic in two related respects.
First, ignoring body size prevents a full understanding of the forces that engendered stagnating income per capita levels during most of human history. Evidence surveyed below strongly suggests that societies throughout history faced a fundamental body size -population size trade-off; a trade-off involving how many children to bear, and how well to feed each of them. This evidence indicates that episodes of rising income should have instigated intensified investments in offspring body size (in addition to child quantity). But in this case the standard Malthusian positive check may not suffice to bring the growth process to a halt as the tendency for diminishing returns to labor input would be counterbalanced by body-size-induced productivity gains. 1 If so, what (other) mechanisms contributed to the observed long-run constancy of income per capita prior to the take-off? Why did episodes of technological change fail to generate step-wise improvements in income per capita in tandem with rising body size? By ignoring the dynamics of body size during the Malthusian epoch the existing literature cannot address these central issues.
Second, by ignoring body size the existing literature is largely silent about the determination of the level of income per capita during Malthusian times: "the level of subsistence". Biologically, subsistence requirements are inescapably linked to the size of the human body; bigger bodies are more energy requiring. Without an adequate theory of the long-run determination of human body size the notion of subsistence remain obscure, and predictions about comparative income differences across pre-industrial societies become untenable. As a consequence the existing literature cannot fully describe the economic circumstances prevailing prior to industrialization.
The present paper proposes a theory of long-run growth according to which body size as well as "subsistence requirements" are endogenously determined. Parents face a trade-off between how many children to have and how well to feed each of them. At the same time they are constrained by income and metabolic consumption requirements. A positive shock to income will induce parents to expand fertility and nutritional investments in their children. However, in the following period a "physiological check" sets in: adults of the next generation are larger and as such more energy requiring. This limits fertility and nutritional investments per child, and serves to equilibrate the economy. As a result, the economy remains in a state of stagnation even though parents invest in child quality.
The differential timing of the take-off to sustained growth has helped to shape the current global distribution of per capita income (Galor, 2006 (Galor, , 2010 Lucas, 2000) . Yet in order to understand the timing and speed of the transition it is necessary to fully understand the country-specific economic circumstances that prevailed at the time of the take-off. The present paper proposes a theory of how key preconditions were formed and how they varied at the eve of the industrial revolution.
in "predicting" the evolution of body size in Europe, during the two millennia that preceded the fertility transition and take-off to growth.
While the proposed theory predicts stagnation within nations, it simultaneously suggests that the level of income per capita may differ across nations, prior to the take-off to growth. For instance, if natural selection has differentially affected body size around the world (as research in biology indicates is the case), cross-country variation in income per capita and population density should arise, according to the model. 2 Conditional on technology, the model predicts that societies inhabited by larger individuals would be less populous, due to higher metabolic costs of child rearing. Moreover, societies inhabited by larger individuals should feature higher levels of income per capita, prompted by higher body-size-induced productivity and a greater land-labor ratio.
In an effort to gauge the validity of these predictions, we study a cross-section of less developed countries. The countries are all characterized by having undergone the fertility transition only very recently, or not at all. Hence, to a first approximation, our model should be a relevant description of the fertility regime within which these countries are found. Consistent with the theory, our regression analysis reveals that greater land productivity leads to greater population density, but neither to higher GDP per worker nor greater body size (measured by weight in kg). At the same time, we find corroborating evidence in favor of a positive impact of body size on labor productivity. Finally, consistent with the theory, we find that societies that are inhabited by larger individuals feature lower population density, conditional on land productivity. 3 Accordingly, these findings document that prior to the fertility transition and the take-off of economic growth, labor productivity is systematically higher in countries that are inhabited by individuals with greater subsistence needs. Moreover, evidence of the novel mechanism ensuring stagnation -the physiological check -is also supported by the data. In societies where individuals are larger the metabolic costs of child rearing are higher, which implies lower fertility and lower steady-state population density. With a greater land-labor ratio, and generally higher body-size-induced productivity the level of income per worker will be higher. With a higher level of income per worker larger individual body size can be sustained in the steady state.
The present paper is related to the literature on growth in the very long run, which models Malthusian stagnation and the transition to modern growth (e.g., Galor and Weil, 2000; Galor and Moav, 2002; Lucas, 2002; Hansen and Prescott, 2002; see Galor, 2006 for a survey). Particularly related is research which aims to understand the mechanics of pre-industrial development (e.g., Aiyar, Dalgaard and Moav, 2008; Ashraf and Galor, 2011; Sharp, Strulik and Weisdorf, 2012; Voigtländer and Voth, 2010) . In contrast to the present paper, however, these 2 While the model is not evolutionary in scope, it contains a representation of deep physiological parameters, which may have been modified by natural selection. Our model therefore allows us to asses the consequence of selection for other macro variables of interest; income per capita and population density.
3 Interestingly, the detected cross-country trade-off between body size and population density, which our model predicts, is also found in virtually any other mammalian species: The inverse correlation is so pervasive that it has been labeled Damuth's law (Damuth, 1981; . Moreover, a negative correlation between body size and density has been discovered for samples of contemporary hunter gatherers . studies ignore the evolution of body size, and assume the level of subsistence consumption is exogenously given (if introduced at all). 4 The paper is also related to the anthropometric history literature, where height and fertility has been discussed in a unifying way. Weir (1993) , in particular, provides a perspective on the quality-quantity trade-off that is similar to ours, and uses it to conceptually motivate an empirical analysis of the impact from the French fertility transition on height developments. 5 The paper proceeds as follows. In Section 2 we survey evidence on the quantity-quality trade-off between fertility and body size. Section 3 develops the model. Section 4 proves existence, stability, and proceeds to study the steady state properties of the model along with off steady state dynamics. Section 5 confronts the model with the data, and Section 6 concludes.
Size versus Number of Off-Spring: A quantity-quality trade-off
In this section we review evidence from biology, anthropology, and economics which strongly suggest an operative quantity-quality trade-off between body size and family size. The important implication is that families throughout history have made quality investments, in the sense of nutrition. Periods of plenty would therefore imply an expanding number and size of people, which challenges the sufficiency of Malthus' positive check in equilibrating the economy at a constant level of subsistence.
Convincing evidence in favor of a quantity-quality trade-off is found in biology. At the level of the individual mammalian species, the inverse association between body size and rate of reproduction is by now well documented (Charnov and Ernest, 2006; . Indeed, experimental studies manipulating offspring number or environment exist, which document the trade-off (Roff, 2002) .
In the context of human populations micro evidence of the size-number trade-off is also available. In subsistence societies the inverse association between family size and size of the offspring has received support by Hagen et al. (2006) who examine the trade-off in the "Shuar" society, which resides in the tropical rainforests of Ecuador. Similarly, demonstrate a negative link between body size and family size across a sample of 16 subsistence-based societies. 6 From the perspective of the present study the evidence amassed by biologists and anthropologists is of substantive importance, since it makes plausible that the size-number trade-off is a fundamental one. The systematic link between reproduction and body size in economically primitive societies suggests that the trade-off must have been active for a very long 4 A recent contribution by Abdus and Rangazas (2011) does allow subsistence consumption to be endogenously determined by body size and activity level. In contrast to the present paper, however, individuals do not take their metabolic needs into account when optimizing (and metabolism does not increase with fertility), nor does physical stature matter to productivity. Rather than focusing on the causes of stagnation, Abdus and Rangazas use their their model to show a long-run constancy of calorie consumption during roughly the last two centuries; in their model increasing demand for food as a source of utility is off set by a declining activity level at work. 5 More broadly, the anthropometric literature has long observed a link between changes in body size and movements in fertility, since nutrition during childhood influences not only adult stature but may also have a direct effect on fertility. For example, the age of menarche is reached earlier within well fed populations. A careful discussion is found in Komlos (1989) , analyzing the period of take-off in the Habsburg Monarchy. Extending the theory below to include some of these additional mechanisms could be a potentially interesting topic for future work.
6 See Cole (2000) and Silventoinen (2003) as well. 
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Notes. The individual lines refer to individual social classes, as defined in the text. Data source: Douglas and Simpson (1964) , Table 7. time; certainly before the take-off to sustained growth occurred in Western Europe. As a consequence, temporary income gains should be expected to translate into greater nutritional expenditure on children, implying "quality" investments. The fact that the trade-off transcends the human species implies that the mechanism responsible for it must be generic; the "physiological check", much like Malthus' positive check, fulfills this criteria. In post-industrial societies evidence of the trade-off is found as well. In an early contribution Douglas and Simpson (1964) examined the results from a national survey of health and development in the UK. Specifically, the survey focused on 1,557 boys and 1,456 girls born in 1946. The physical development of these children was tracked and central health indicators were collected, including height, date of entry into puberty and age of menarche. In addition socio-economic indicators for the households were obtained, including occupation and educational background of the parents. This enabled Douglas and Simpson to categorize the families into social classes, ranging from "lower manual" to "upper middle". 7 Figure 1 shows the association between the mean body size of girls at age of 7 and the number of siblings in the family, as reported by Douglas and Simpson. The general pattern that emerges is one where a large family size is associated with smaller mean body size of the offspring. In addition, for the size of the family given, the average 7 In the "upper middle class" we find parents with a secondary education, families where the father has a non-manual occupation, and where at least one of the parents was brought up in a middle class family with similar characteristics. In contrast, the "lower manual" group is characterized by the father being a manual laborer, by both parents only having primary education, and by upbringing; both parents were raised in a working-class family. Between these two extremes we find the "lower middle class" and "upper manual class"; these groups are differentiated from "upper middle class" and "lower manual class" mainly by their educational attainment. body size of the offspring, measured by height, generally increases as the socio-economic circumstances improve. Douglas and Simpson document that similar patterns persist to the ages of 11 and 15 for both boys and girls.
The 1946 cohort has more recently been analyzed by Kuh and Wadsworth (1989) . Their regression-based analysis confirms the general impression conveyed by Figure 1 ; conditional on a host of environmental factors, each additional sibling implies a reduction in mean height of about 6 mm.
At a higher level of aggregation Weir (1993) demonstrates a strong negative association between height and fertility rates across regions in France during the period 1840-1911. Following up on Weir's findings, Schneider (1996) documents similar patterns across nine European countries, covering the period 1750-1920. Controls for health and income do not overturn these findings.
In sum, the evidence discussed above pertaining to human societies as well as non-human samples quite strongly suggest an operative quantity-quality trade-off between size and number of offspring. In the next section we provide a model which encompasses this fundamental trade-off.
The Model
We develop the model in a series of steps. First, Section 3.1 provides a brief introduction to the field of allometry, from which we draw an essential equation in pinning down subsistence consumption. Section 3.2 then explains how subsistence consumption is determined in the model, after which we turn to the intergenerational law of motion for body size in section 3.3. Finally, Section 3.4 and 3.5 discuss the preferences and optimization problem of parents and the production side of the economy, respectively.
3.1. An Introduction to Allometric Scaling and Energy Consumption. Allometric scaling is a technique used in biology to study how selected biological variables of an organism correlate with the size of the organism. A fundamental allometry is found between energy consumption B and body mass m of a mammal, and is known as "Kleiber's Law" (Kleiber, 1932) :
where B is the basal metabolic rate and B 0 is a species-dependent constant. Thus, drawn on log-log paper the energy-body mass relationship is linear with slope of 3/4, see Figure 2 . A slope of 3/4 has been verified by Brody (1945) for almost all terrestrial animals yielding the famous "mouse-to-elephant curve". Recently biologists and physicists managed to provide a theoretical explanation for Kleiber's law. A living organism needs to feed its cells. For that purpose energy and material is transported through hierarchically branching networks like blood vessels in mammals. The network in use, however, is not of arbitrary structure. Given that organisms have evolved through natural selection, it must be one that minimizes energy used for transport i.e. one that minimizes hydrodynamic resistance. West et al. (1997) have shown that organisms, viewed as energy transporting networks that minimize energy dissipation, fulfil Kleiber's law.
The beauty of this theory lies in its foundations on first principles. This makes it very general, and in fact it has already been applied to a multitude of biological problems from "genomes to ecosystems" (West and Brown, 2005) . Some of the applications and extensions, for example those on fertility, are clearly relevant for economic analysis. 3.2. Subsistence Requirements. We employ Kleiber's law in order to characterize adult subsistence requirements in an overlapping generations model with endogenous fertility. According to the OLG setup life is separated into two periods. First, childhood (after weaning), defined as the period of body growth and dependence on food provided by the parent. Second, adulthood, defined as the period of constant body size, work effort and reproduction.
The body size of an adult is predetermined by the individual's nutritional intake during childhood. Accordingly, we assume that the body size of an adult remains constant. 8 Subsistence consumption of an adult, however, is not completely predetermined, since it also depends on fertility. From the physiological literature we use the fact that rearing up a child from conception to weaning increases the mother's metabolic needs by a factor ρ (Prentice and Whitehead, 1987; Sadurkis et al., 1988) . Denoting by B t energy used up by the parents own body, and n t the number of children, total metabolic needs of an adult, E t , is thus given by:
In (2) E t measures metabolic needs in terms of energy, expressed, for example, in kcal. per period. In order to convert energy into goods we introduce the energy exchange rate , which is measured in kcal. per unit of a unique consumption good. While consumption expenditure is a control variable for parents, the energy extracted from a unit of consumption depends on the food staple available, which we treat (similar to technological progress) as exogenous.
Employing the energy exchange rate we get subsistence requirements, i.e. the metabolic needs of an adult in terms of consumption goods,c t = E t / . Note that, in contrast to the existing literature in economics, the subsistence requirement is not a constant but depends on the individual body size and fertility in adulthood. The variablec t is therefore generationdependent and thus indexed by t.
3.3. The Intergenerational Law of Motion for Body Size. In order to establish the intergenerational link between body sizes we draw on West, Brown, and Enquist's (2001) model of ontogenetic growth. 9 The starting point is an energy conservation equation which reads as follows:
t is energy consumption during childhood after weaning (prior consumption is covered by adult metabolic needs), N t denotes the number of human cells after weaning, N t+1 is the number of cells of the child as a grown up, b c is the metabolic energy a cell requires during childhood for maintenance and replacement, and e c the energy required to create a new cell. Hence the left hand side is energy "input", and the right hand side captures energy use. Solving (3) for N t+1 we obtain the number of cells of an adult as a function of the number of cells of a child after weaning and energy intake during childhood:
To proceed we insert the fact that body mass consists of the mass of a single cellm times the number of cells. This implies for the size of an adult that m t+1 =mN t+1 . Moreover, using the fact that after weaning the size of a child equals µ times the size of the mother (Charnov, 1991 (Charnov, , 1993 we havemN t = µm t . 10 Substituting N t and N t+1 in (4) and and solving for m t+1 , gives (5):
This intergenerational law of motion for body size has a simple interpretation: The size of the adult, m t+1 is determined by energy consumption during childhood, E c t , plus initial size, µm t , adjusted for energy needs during childhood, −(b c /e c )µm t . Finally, denote by c t the consumption of a child, to be determined below from optimization. Then total energy intake during childhood is c t · = E c t . Inserting this into (5) leaves us with a law of motion for body size across generations:
For future reference, note that d and a can be viewed as deep physiological parameters, which may exhibit some variation across humans due to natural selection. That is, due to processes whereby large or small bodies were selected depending on e.g. climate related circumstances. 9 "Ontogeny" describes the origin and the development of an organism from the fertilized egg to its mature form.
10 A physiological justification for this assumption is that child development until weaning depends on energy consumption in utero and during the breastfeeding phase. Since larger mothers consume absolutely more energy the offspring should be larger at this point as it receives a fraction thereof. With this interpretation the linearity should be seen as a simplification. It has no substantive implications for our main results if the linearity is relaxed except for reduced tractability.
3.4. Individual's Optimization. A parent maximizes utility derived from child quality and quantity where quality is in the Beckerian (1960) sense measured by expenditure for consumption (i.e. nutrition) per child, c t . We allow the parent also to derive utility from own consumption p t (i.e. consumption of non-food goods) and impose for simplicity a logarithmic form for the utility function:
with β and γ denoting the weight of parental consumption and child quantity in utility, and n t the number of offspring. Total child expenditure is constrained by parental income and subsistence consumption of the parent. Furthermore we assume that each parent is endowed with one unit of time and rearing a child requires a certain fraction τ of parental time. Let y t denote potential income such that available income of a family is y t (1 − τ · n t ). Combining the budget constraint with energy requirements (2) and applying the energy exchange rate leads to a single constraint:
Observe that the model captures the full cost profile of children: the metabolic costs which are relevant until weaning ((1 + ρn t )B o m b t ) as well as the economic costs (time τ , nutrition c) that pertain to the period after weaning. 11 Parents maximize (7) s.t. (8) by choosing fertility n t , nutritional expenditure per child c t , and non-food consumption p t . From the first order conditions we obtain optimal child quality and quantity,
together with parental consumption p t = β y t − (B 0 / )m b t /(β +γ). Observe that ∂n t /∂m t < 0 and ∂c t /∂m t > 0. Greater metabolic costs of fertility induce larger parents to prefer to have less children and to nourish them better. Note furthermore that ∂n t /∂y t > 0 and ∂c t /∂y t > 0. With higher income parents prefer to have more children and to nourish them better implying that the quantity-quality trade-off is driven by metabolic needs and not by income.
It could be argued that entering child nutrition into the utility of parents is a shortcut representation of a more appropriate quality-quantity trade-off. Strictly speaking, so the argument could go, (nutritional) quality of offspring is better measured by the size of grown up children, rather than by the nutritional provisions that make the offspring grow.
Unfortunately, allowing m t+1 to enter the utility function instead of c t destroys the simplicity and elegance of the baseline physiological Malthusian model. But it leads to very similar results. We provide support for this claim by developing a version of the model with "utility-from-body-size" in Appendix B; the main comparative static results derived below (Propositions 2-3) continue to hold. In Section 4 we furthermore demonstrate that the utilityfrom-body-size model displays adjustment dynamics that are very similar to those observed for the baseline model. The baseline model is thus a good approximation to the utility-frombody-size version at the steady-state and off the steady-state.
3.5. Production and Demographics. We assume that total income, Y , is determined at the macro-level by a body size adjusted technology:
The parameter φ quantifies the return to body size. As usual A captures technological knowledge, L t denotes the size of the adult population in period t and X is land. According to standard Malthusian theory, i.e. ignoring body size, the technology implies stagnation in the long-run unless general productivity A is growing without bound since land is constant. Taking into account the physiological fact that larger bodies exert more muscles force and are thus more productive (φ > 0), Malthusian stagnation follows less immediately since, in principle, living standards could improve continuously in line with increasing body size. As will be shown below, long-run stagnation in this case, requires a further condition -the physiological check -to hold. Finally, the adult population evolves according to
where n t is given by equation (9b). With equations (1) to (11) The model can be represented by a two-dimensional dynamic system of body size and population size. To obtain it we substitute energy consumption per child (9a) into the law of motion for body size (6) and fertility (9b) into the law of motion for population size (11). This leads to the system (12), with y t determined by (10).
Proposition 1. Existence of a steady-state. There exists a unique steady-state (m * , L * ) at
At the steady-state income per capita is a positive concave function of body-size:
Proof. At a steady-state equilibrium we observe n * = 1 and thus from (9b) we find that Y t /L t ≡ y t is given by (13c). Inserting (13c) into (12a) evaluated at m t+1 = m t provides body size at the steady-state. Using (10) and (13c) in (12b) we obtain population density at the steady-state.
In order to assess stability and other important features of the steady-state we introduce the physiological check.
Assumption 1. The Physiological Check. The body size elasticity of metabolic needs exceeds the body-size elasticity of productivity: b > φ.
Applying Kleiber's law, the physiological check requires that φ < 3/4. In the calibration below we argue in favor of a value for φ of 0.25, implying that the physiological check is fulfilled. As will become evident below, the case where the physiological check is not fulfilled generates dynamics that are inconsistent with the pre-industrial growth record suggesting the check must have been in place throughout history. Intuitively, the physiological check requires that the elevated subsistence needs exceed the productivity gains associated with rising body size. In this regard it is interesting to observe the correspondence to Malthus' positive check, which also involves a restriction on elasticities: the population size elasticity of food demand exceeds the population size elasticity of food supply, 1 > α.
In order to investigate stability we insert (10) into (12a), which provides the isocline along which body size remains constant, ∆m = m t+1 − m t = 0, implicitly given by
Implicitly differentiating we obtain dL t /dm t < 0; the ∆m = 0-isocline is negatively sloped. Observe that ∆m < 0 when m t to the right of the isocline and ∆m > 0 when m t lies to the left of the isocline. Moreover, observe that L t → 0 for m t → ∞ and L t → ∞ for m t →m > 0. The resulting curve and arrows of motion are shown in the phase diagram of Figure 3 . The ∆L = 0-isocline in (m t , L t )-space is obtained by solving (9b) for n = 1 and inserting the result into (12a). This provides (15).
Given the physiological check, b > φ, the isocline is a hyperbola with L t → 0 for m t → ∞ and L t → ∞ for m t → 0. Recall that for the ∆m = 0-isocline L t → ∞ for m t →m > 0. Hence, there is a unique intersection between the ∆L = 0 and ∆m = 0-isoclines. Finally, observe that, when the physiological check is operative, ∆L t < 0 above the isocline and ∆L t > 0 below the isocline. The arrows of motion in Figure 3 suggest that the steady-state is a globally stable spiral or node. Since time is discrete, however, a second possibility arises. There may be overshooting and explosive behavior (Galor, 2007) . In Appendix A we evaluate stability numerically and show that the equilibrium is indeed stable when both the positive check (1 > α) and the physiological check (b > φ) are operative.
We demonstrate in Appendix A that the positive check is not sufficient to generate stability. For a wide range of parameters, the economy becomes unstable if the physiological check is not operative although the positive check is operative, i.e. although α < 1. Intuitively, the ∆L = 0 isocline becomes positively sloped for φ > b and the arrows of motion point toward larger L above the isocline. If φ becomes sufficiently large the arrows of motion for m also point towards larger body sizes above the ∆m = 0 isocline. Taken together, this leads to a perpetual expansion path in northeastern direction. Without an operative physiological check it is thus theoretically possible that both population size and body size expand perpetually. The absence of such a trajectory in the historical record suggests that the positive check and the physiological check must have been in place. Henceforth we thus assume that the physiological check holds (as well as the positive check) and proceed to examine the steady state predictions of the model.
Comparative statics.
Observe that technology A enters the equation for L * but does not matter for m * . In combination with (13c) this leads to the following conclusion:
Proposition 2. Technological innovations. A discrete increase in productivity (A) leads to a more densely populated area but leaves equilibrium body size and income per capita unaffected.
In the model, a temporary increase in productivity will lead to temporary increases in nutrition and fertility. However, due to the biological feed-back loop from subsistence, nutritional expenditures per child will be lower (and so will be fertility) in the following generation. This process will continue until n = 1 once again. At this point the temporary gain in body size has fully eroded, and the only result from the innovation is a larger population size. In the long run income per capita does not change since the larger population fully offsets the increase in A. Note also that similar results can be derived for alternative parameter changes associated with technology improvement. Lower dependence on limited land (larger α) and higher efficiency in using brawn (increasing φ) both lead to a higher population density without an equilibrium effect on body size and -according to (13c) -on income.
There is convincing evidence testifying to the fact that technological change did increase population density in the aggregate, in pre-industrial times (e.g., Ashraf and Galor, 2011; Baker, 2008) . However, the lack of a long-run time trend during the last two millennia as a whole, in terms of body size, has also been established (Kunitz, 1987; Koepke and Baten, 2005) . The present theory thereby suggests that these potentially conflicting observations are in fact reconcilable.
At the same time we reiterate that these steady-state results do not preclude a positive short-run impact of productivity gains on income and body size. Comparative dynamics will be discussed below.
Inspection of (13) proves the following.
Proposition 3. Biological innovations. In areas where humans are selected to be larger (smaller d or larger a) income per capita is larger, and population density lower.
Physical anthropologists and biologists argue that some of the observed differences in human body size, across regions and countries, may be attributed to selection (see e.g., . In particular, one may argue that larger individuals have had a selective advantage in colder climate zones: This idea has its roots in Bergman's rule, which states that the body size of mammals tend to rise, as one moves away from the equator (e.g., Ruff, 2002) .
There are two parts to the argument. First, there is the geographic observation that as one moves into colder climate zones it becomes more challenging to keep warm. Second, there is the geometric observation that as body size goes up the surface to volume ratio declines, which limits the extent of heat loss per unit of body mass. Since limited heat loss is an advantage in cooler climates, selection may have favored larger bodies in cooler areas.
If indeed such genetic differences have emerged in human societies they may be captured by a and d in our model. To see this observe that equation (3) does not allow for heat loss. Accordingly, the consequences of heat loss is implicit in the parameters of the energy conservation equation. Specifically, larger energy costs of running and maintaining a body cell would capture greater heat loss. In the model this is equivalent to a larger value for b c and thus d. The evolutionary argument above could thus be interpreted as saying that individuals with larger values for d would have a selective advantage in areas close to the equator since it implies more heat loss, which is useful in keeping body temperature down in warm and humid environments. Observe that increasing cell costs in this way, according to the model, would produce smaller asymptotic body size. As a result, in areas where d is larger (i.e., in warmer environments) individuals will be smaller and population density will be greater, ceteris paribus.
Proposition 3 implies the following corollary with testable cross-country predictions.
Corollary 1. Suppose there are country-specific differences in the genetic determinants of body size (i.e. in parameters a and d). Then across country-specific steady-states there is (1) a negative association between population density and body size, (2) a positive association between income per capita and body size.
Part (1) is known in the biological literature as Damuth's law (Damuth, 1981) . According to our theory this empirical regularity can be ascribed to greater metabolic costs of child rearing for larger individuals, which lowers fertility and in the steady state reduces population density. Part (2) is consistent with the empirically observed positive correlation between body size and income per capita (e.g., Steckel, 1983; Brinkman et al., 1988) . The corollary thus implies that body size (e.g., measured by height) is a sensible indicator of long-run income per capita, as is commonly assumed by anthropologists and economic historians. According to our model the link emerges due to greater body-size related productivity, and because population density is lower in places with larger individuals. 12 4.3. Comparative Dynamics.
Parameter values.
In order to study the quantitative implications of the model we proceed with a calibration. We start with the biological components. We put B 0 = 70 and b = 0.75 according to Kleiber's (1932) law. We set m * = 54.3 according to the average weight of females in least developed countries in our empirical sample in Section 5.
In order to get an estimate for ρ we begin with observing that during pregnancy the metabolic rate rises on average by 5%, 10% and 25% in the first, second and third trimester, respectively (Butte and King, 2007) . Pregnancy per child takes on average 3/4 of a year. In medieval Europe and China life expectancy at age 20 was around 30 years (Clark, 2007) . Assuming that fecundity and thus life as a grown up starts at age 15, the length of a generation in years is given by 15 years. In medieval Europe a women gave birth to about 5 to 6 children (Clark, 2007) which implies for our unisex model that a woman gives birth to 2.5 to 3 children (of which, at the steady-state, one survives up to adulthood). This means elevated caloric needs for pregnancy per unit length of the adult period by factor [(0.05/3 + 0.1/3 + 0.25/3) · 3/4 · 3/15. During lactation the basal metabolic rate of a woman which is exclusively breastfeeding her child rises by about 450 calories (Butte and King, 2007) . Assuming a basal metabolic rate of 1500 calories for our 54.3 kg average mother, this implies elevated caloric needs by factor 450/1500 during the breastfeeding period. We put the age at weaning to 18 months according to the average value reported for England in the Middle Ages (Mays, 2010) . Based on this observation, breastfeeding per child takes on average 1.5 years and we estimate elevated caloric needs for lactation per unit length of the adult period by factor 450/1500 · 1.5 · 3/15. Taken together, we end up with an estimate for ρ of [(0.05/3 + 0.1/3 + 0.25/3) · 3/4 + (450/1500) · 1.5] · 3/15 = 0.11.
To calibrate µ, we observe that the weight of a 18 months old girl (i.e. at the calibrated age of weaning) is 9.4 kg according to World Health Organization Child Growth Standards, evaluated at the 25th percentile. 13 This implies that µ = 9.4/54.3 ≈ 0.173.
For calibration of d, the amount of energy used for cell maintenance relative to cell creation, we turn to West et al.'s (2001) model on ontogenetic growth in continuous time, and investigate the human growth process. For the calibration we need body size at three different points in time. In addition to weight at age 18 month (end of weaning, 9.4 kg) and asymptotically (mean value in our LDC sample, 54.3 kg), we used the weight of a five year-old, which is 16.5 kg (again, at the 25th percentile). This leaves us with d = 0.37. 14 To obtain τ we note that Deaton and Muellbauer (1986) estimate that in contemporaneous poor countries children cost their parents about 30-40 percent of what they spend on themselves. We thus set τ such that it implies (together with the chosen parameter values for preferences and metabolic needs) that at the steady-state children costs their parents about 40 percent of what they spend on themselves. This leads to an estimate of τ = 0.06.
For the economic part of the model we set α = 0.65 according to Clark's (2007) estimates. We set γ = 4 in keeping an evolutionary argument behind the utility function, which is given 13 This standard is documented in de Onis et al. (2007) . It is worth observing that the basis for the weight-for-age curve is solely US children. Since US children may not be an accurate description of less developed economies (such as those in our sample in Section 5) we chose to use the 25th percentile, rather than the median. The choice of the 25th percentile is admittedly a somewhat arbitrary choice.In any event, the calibrated parameter values are not very sensitive to the exact choice of weight-for-age curve. For instance, µ (and d below), only changes to a very minor degree if we use the 50th percentile instead.
14 The continuous time ontogenetic growth equation is given byṁ = δm b + dm, where d is the energy used for cell maintenance relative to cell creation (West et al. , 2001) . From that we obtain Clark (2007) in Appendix A. We assume that consumption of the parent beyond metabolic needs (that is p) consists of non-food consumption and set β = 4.5 such that the food expenditure share at the steady-state is 80% in line with empirical observations for poor societies in history (Clark, 2007) .
To calibrate the impact of body size on productivity (i.e., φ) we proceed in two steps. As a first step, we observe that productivity can be related to nutritional needs. Using the production function (10) and Kleiber's law (1), we obtain:
. Assuming that energy needs are a reasonable proxy for energy consumption we can employ Strauss' (1986) estimates for the impact of nutrition on farm productivity to calibrate φ. Strauss finds that the elasticity of farm output with respect to nutrition is about 1/3 (with a standard error of 0.11), which in theory reflects φ/b. Since b is 3/4, it follows that a reasonable value for φ is 1/4, which we will use below. We normalize the (initial) steady-state size of the population of adults to unity. Suppose that steady-state output per capita is 400 (international dollars) per year as estimated for most European countries during the early and high Middle Ages (Maddison, 2003) . Then, during the period of adulthood income is $ 7059 i.e. 15 · 400/(1 − τ ). Using the values for m * , L * , and y * we get an estimate of (initial) factor productivity A of 3471. We determine the remaining two parameters, a and , by solving the numerically specified model at m * and L * . This provides the estimates a = 0.58 and = 0.36. Table 1 summarizes the notation, the numerical specification, and the sources it is based on. 4.3.2. Dynamic Properties of the Model. Consider a permanent increase in productivity A by three percent (equivalent to a 0.2 percent annual productivity growth during the 15 years of period 1), which could be the result of technological change in agriculture. In the phase diagram the parameter change leads to an upward shift of both the ∆m = 0-locus and the ∆L = 0-locus leaving the intersection at m * unchanged. As a consequence the economy leaves the initial equilibrium in north eastern direction. People react on the improved conditions by having more kids and nourishing them better. Adjustment dynamics shown by solid lines in Figure 4 set in. Higher productivity leads to a temporary rise in body size and a permanent rise of population size (and density). The shown impulse responses document a high degree of persistence in body size with a half-life of about five generations. Only gradually does rising fertility reduce income per capita and body size. Although the productivity shock expires in period two, children of period-two mothers grow up to be almost as large as their mothers. This means that period-three adults display above steady-state labor productivity such that income per capita falls less drastically than it would in a standard Malthusian model without bodysize related productivity gains. Without the physiological check at work (i.e. if b where smaller than φ), the productivity gains through elevated body mass would be so strong that income would never decline and the (then unstable) economy would continue to expand with perpetually rising stature and fertility.
While stability is a feature driven by the physiological check, speed and shape of adjustment dynamics depend on the numerical specification of other model parameters as well. For example, in an earlier version of this research (Dalgaard and Strulik, 2010) we document that for β = 0 (i.e. when parental consumption beyond subsistence needs is ignored) there can be adjustment dynamics in cycles. 15 Impulse responses for the utility-from-body-size model (cf. Appendix B) are shown by dashed lines in Figure 4 . To produce it we took the same parameter values as for the baseline model (from Table 1 ). Besides a re-estimation of a (which decreases from 0.58 to 0.36) and (which decreases from 0.36 to 0.35) the extended model entails also a (mild) re-assessment of the speed of adjustment. Dashed lines in Figure 4 show impulse responses for the utility-frombody-size model. From period three onwards adjustment dynamics are faster than suggested by the baseline model. Still, both models predict basically the same responses on impact for population size and for body size. Thus, especially over shorter time horizons (two to three generations), the results of the baseline model is a fairly accurate approximation to the results stemming from the utility-from-body-size model.
These patterns of population and body size dynamics, are rather similar to what is found in the data. The long-run evolution of population trends are fairly familiar to historians and economists working on growth in the long run. Briefly, up until somewhere in the 19th century population growth was slow in Western European countries. Accordingly, for most of the preceding millennia, prior to the onset of the industrial revolution, the growth trajectory is slightly upward sloping with occasional disruptions, for example, those caused by the Black Death. Overall, the Western European population increased by about a factor of four from the first to the 17th century (Kremer, 1993) .
Interestingly, for average European body size, i.e. stature, there was no trend visible during the Middle Ages. The study by Koepke and Baten (2005) , drawing on height data derived from European skeletal remains, finds strong evidence in favor of oscillations in stature around a constant trend level of height (circa 170 cm) during the last two millennia. Statistical tests reveal that the deviations from trend are significant. Komlos and Baten (2004) discuss evidence on body size deriving from historical sources and from various regions. This evidence broadly follows similar regularities compared with the data stemming from skeletons, albeit the period in question is much shorter (i.e., 18th century).
Taken together this evidence suggests that prior to the industrial revolution human societies witnessed step-wise increases in population (punctuated by occasional declines), while at the same time height exhibited very little trend in either direction (see also Clark, 2007) . Instead, cyclical movements in height, around a constant trend, seem to have been the norm, in the very long-run. 15 Overshooting behavior occurs in the sense that the second generation born after the shock is too large with respect to both population size and body size. Productivity is relatively low and -compared to period 1 after the shock -parents reduce fertility and investment in child quality, both of which remain nevertheless above pre-shock level. As a consequence of lower population density, income of the third generation is a little higher than income of the second generation and the system adjusts in damped oscillations towards its initial equilibrium of income and body mass.
Confronting the model with data
In this section we gauge the empirical value of the proposed model. In section 5.1. we begin by examining whether the model can account for the time series data on body size for Europe over the two millennia that preceded the fertility transition. Subsequently, in Section 5.2., we confront the models cross section predictions with data for a sample of less developed economies.
5.1. Physiological dynamics during Pre-industrial times. In the following we use available (but admittedly fragmentary) data to put the predictive quality of our model to a test. Specifically, we design the following experiment. We take the historical data on European population from Kremer (1993) and on body size (height) from Koepke and Baten (2005) . We then calibrate in any century productivity A such that the model values for m t , L t , L t+1 match the historical data. Subsequently, we use the calibrated model (as specified in Table  1 ) along with the estimated time series for productivity to predict m t+1 . year Solid lines show the historical time series according to Kremer (1993) and Koepke and Baten (2005) . Productivity shocks are calibrated such that the model economy produces the historical evolution of population size. The calibrated model (from Table 1 ) and the imputed productivity series (for parameter A) are then used to predict the historical evolution of body size in Europe (dashed line).
In order to use and to compare with the historical data we have converted the historical height numbers into weight using the definition of the body mass index (BMI). After the simulation, body mass is re-converted by the same BMI into height and the predicted time series is compared with the empirical data. 16 Admittedly, the data on height should be interpreted with care, as they are based on skeleton remains from a variety of archaeological excavations, which may not be equally representative. Still, this is to our knowledge the only source of intertemporally comparable data on body size, which spans the period of European history where Malthusian forces arguably were of first order importance. Figure 5 shows the result of this exercise. By construction, the imputed productivity change fully explains the empirical time series of population growth and thus the secular increase of population growth by about a factor of four over the 17 centuries. These productivity changes induce the model to predict mean-reverting fluctuations of body size that match the historical data reasonably well. In particular, for most centuries the model correctly predicts the direction of change for body size. The only period in history where the model fails drastically is around the time of the Black Death episode. The explanation here is very intuitive. The big slump of population growth in the 14th century was predominantly caused by sharply increasing mortality (instead of productivity changes). Since there is no explicit role for mortality in the model, it misinterprets the slump as caused by falling productivity and gets the stature cycle wrong. After the Black Death episode the model resumes to predict changes of body size reasonably well.
Physiology and Comparative Development.
The proposed theory holds several steady state predictions that can be taken to the data:
(1) Population density should be higher in societies with greater productivity.
(2) GDP per worker should be unaffected by productivity.
(3) Average body size should be unaffected by productivity (cf. equation 13a)).
(4) In societies where individuals are larger, GDP per worker should be higher (cf. equation (13c)). (5) Conditional on productivity: In societies where individuals are larger, population density should be lower (cf. equation (13b)). While the first two predictions also follow from the standard Malthusian model (see Ashraf and Galor, 2011 ; henceforth: AG) the remaining three are unique to the theory developed above (see Proposition 2 and Corollary 1). The next section lays out our empirical specification after which we discuss our data in section 5.2.2.; in Section 5.2.3 we report our cross-country regression results. Finally, in Section 5.2.4 we further scrutinize the model's predictions using a sample of contemporary hunter-gatherer societies.
Empirical Specification.
In confronting the model with the data, we follow AG in examining its steady state predictions. This means estimating, as a first step, an equation of the following form:
where i is a country index, log (Z i ) ={log population density, log body size (kg), log GDP per worker, and log labor productivity in agriculture}, log (A i ) is productivity, whereas Γ i contains additional controls. The prior is that α 1 > 0 when population density constitutes the left hand side variable, whereas α 1 = 0 when either body size or income enters the left hand side of the equation (cf. predictions 1-3) . Aside from providing out-of-sample testing of the results in AG, the central test is whether productivity works to elevate body size. Common sense might suggest it should, mediated by higher levels of nutrition perhaps, whereas our model predicts that body size should be left unaffected by higher levels of productivity.
As a second step, we examine further implications of the model by estimating an equation of the following form
for log (Z i ) ={log population density, log GDP per worker, log labor productivity in agri-culture}, and m is body size measured in kg. Our prior is that β 1 < 0, when the left hand side variable is population density, reflecting the physiological check, and that β 1 > 0 when income enters the right hand side of the equation, reflecting that greater subsistence needs are reflected in greater income (cf. predictions 4-5) . Naturally, we expect β 2 to remain positive in the population density regression, and insignificant when attention is turned to the income models.
In choosing relevant controls to be included in Γ i we essentially follow AG, who examine the empirical implications of a basic Malthusian model on cross-country data. Still, in the first specification we cannot rule out a priori that our OLS estimates for α 1 might be tainted by omitted variable bias. To alleviate this cause for concern as much as possible, we provide additional robustness checks in the Appendix. Our precise choice of controls, and those invoked in the robustness checks, are described below.
In the second specification reverse causality may be an additional concern. That is, a positive correlation between income and body size may reflect the impact of income on body size (weight), rather than the influence from body size on subsistence needs and thus income. Similarly, one might theorize that a negative correlation between population density and body size could be due to a negative impact from density on body weight, perhaps mediated by disease incidence, rather than a negative impact of body size on population density, mediated by elevated metabolic costs of child rearing. Below we try to deal with this form of endogeneity by way of IV estimation. The details on the identification strategy are given below. In addition to the IV procedure we also check the OLS results with an extended set of controls, and, by invoking data from a cross-section of contemporary hunter-gatherer societies.
Data.
A major obstacle in testing the predictions of the model is data on body size. To be sure, an analysis akin to that of AG is infeasible as data on body size (i.e., weight) during the pre-industrial era does not exist. 17 However, since the theory strictly speaking applies to any economy that has yet to undergo the fertility transition we can make progress by focusing on more recent developments. That is, we can try to test the predictions of the model across countries where the fertility transition only very recently took place, or still may be underway.
In determining which countries only "recently" went through the fertility transition we rely on the work of demographers. Specifically, Reher (2004) dates the timing of the fertility transition for countries around the world. In our analysis we focus on the group Reher classifies as "latecommers", which involves countries that underwent the fertility transition in 1980 or later. 18 Given the constraint that we require data on body size (measured in kg), which we obtained from the Demographic and Health Surveys (DHS), we are left with a sample of 38 "latecommers" for which data on body size is available. The data on body size is derived from the maternal health module in DHS, implying that our measure for average body size relates to that of females in the age group 15-49. Hence, female body size will serve as a proxy variable for average stature in the population at large. Throughout we focus on observations on income, density and body size in ca. 2000. 19 Details on data sources and a list of the countries in our sample, are found in Appendix C.
In Table 2 we provide some background information for the countries in our sample. The typical country underwent the fertility transition in 1990; only in two countries did the transition occur, according to Reher, in 1980. 20 As is evident, all the countries in question are poor. In 2000 per capita income (PPP$) ranged from less than one dollar per day to about 23 PPP$ per day, with a median of roughly 4 PPP$ per day. The picture is very similar if we focus on labor productivity in agriculture (constant 2000 US$). These numbers suggest that a Malthusian framework may not be a bad description of the economies at hand. Moreover, and perhaps unsurprisingly, most of the countries in our sample are African; 31 out of the total of 38. As noted above, we largely follow AG in selecting controls (i.e., A i ,Γ i ). Our prime proxy for productivity is a measure of soil quality, which captures how adequate soil conditions are (i.e., soil fertility, depth etc) for growing rainfed crops. As additional baseline controls we follow AG by using distance from ice-free coast, fraction of country area within 100 km of ice-free coast and log (absolute latitude). Finally, we add an Africa dummy to the model. 21 In our robustness checks we add controls employed by AG in their robustness checks, and additional ones that have been put forward as particularly important in an African context (since most countries in our sample are African). These additional controls fall in three categories: Additional geography controls (terrain ruggedness; tropical area; island dummy), colonial history (former British colony, former French colony and ethno-linguistic fractionalization in 1985) and ancient history (time since Neolithic, migration adjusted). Our main results are robust to the inclusion of these controls on top of the baseline ones.
Finally, we obtained data on body size (weight in kg) and population density for 29 huntergatherer societies from . In this context body size also pertains to females but represents population averages. Density and body size were observed in the same year. From Walker and Hamilton we also obtained some information about the structural characteristics of the individual societies (e.g., ecology, latitude etc), which we include in the regressions. Naturally, data on income is not available. Moreover, we do not have a direct measure of how productive the hunter-gatherer's environment's are. In practise we expect that some of our geography controls will capture differences in this respect, but absent a direct productivity measure we cannot test Predictions 1-4. Hence, the main value of the huntergatherer sample is that it provides an opportunity to check our cross-country estimates for β 1 , which pertains to the physiological check (i.e., Prediction 5). The question is whether our cross-country estimates of the strength of the physiological check corresponds to what one finds in a cross-section of hunter-gatherer societies that surely can be regarded as "subsistence societies". In contrast to our cross-country sample, the hunter-gatherer sample effectively spans the globe: ranging from the deserts of Australia to the polar tundra of Alaska. Notes: (i) The dependent variable in Column 1 and 2 is log population density in 2000; in 3 and 4 it is log body size (kg); 5 and 6 it is log GDP per worker, and in in Column 7 and 8 it is log GDP per worker in agriculture. (ii) "Log soil" is a measure of soil quality; "log latitude" is log of absolute latitude; "distance to coast" captures average distance in km from coast; "% Near coast" is fraction of land area within 100 km of coast; "Africa" is a dummy variable. See Appendix C for further details. (iii) Robust standard errors in parentheses; *** p < 0.01, ** p < 0.05, * p < 0.1.
5.2.3.
Results: Cross-country. Table 3 reports our baseline results from estimating equation (16) by OLS. As seen from column 1 and 2, soil quality is significantly and positively correlated with population density in 2000. At the same time, however, soil quality is insignificantly correlated with both income and body size. It is perhaps particularly revealing to see that labor productivity in agriculture is insignificantly correlated with soil quality in our sample of countries. These results are consistent with Proposition 2, and the results obtained by AG in a broader world sample pertaining to the period 1 C.E. to 1500 C.E.
In order to check that our results are not carried by outliers the models were re-estimated by an outlier robust estimator (Least-absolute-deviations, LAD). The LAD estimates are very similar to the OLS results, and available upon request. In Appendix Table 3 .A we extend the list of controls with no qualitative impact on the key results reported above. Finally, to limit the risk that our results are tainted by continent-specific heterogeneity, we checked whether the results change if we confine attention to the African continent. They do not, and the results are available upon request.
In Table 4 , we estimate equation (17) by way of OLS and 2SLS. The 2SLS exercise has a simple motivation: simultaneity, as discussed above. In order to address this issue we invoke an instrument for body size: height. The logic is simple. Whereas body size, in the sense of weight, is variable in the short run -and thus potentially affected by current conditions -height is strongly predetermined and thus very unlikely to be affected by current income or population density. Moreover, as discussed in Section 4, height is partly genetically determined, for which reason this instrument may allow us to isolate variations in body weight attributable to deep physiological factors, such as those embedded in the model parameter d. In any event, using height as an instrument for body weight ensures that our estimates cannot be attributed to reverse causality. Notes:(i) The dependent variable in Column 1 and 2 is log population density in 2000; in 3 and 4 it is log GDP per worker; in Column 5 and 6 it is log GDP per worker in agriculture. (ii) "log(m) is log body size in kg; "Log Soil" is a measure of soil quality; "log latitude" is log of absolute latitude; "Distance to coast" captures average distance in km from coast; "% Near coast" is fraction of land area within 100 km of coast; "Africa" is a dummy variable. See Appendix C for further details. Naturally, the obtained point estimate for body mass, when height is used as an instrument, may still be biased if height is correlated with density and income conditional on body weight, as a result of omitted variables that are correlated with height. As above we provide separate checks of omitted variable bias with an extended set of controls.
Turning to the results we continue to find that soil quality is significantly and positively correlated with population density, yet insignificantly linked to our income measures (see Figures A.1-A.2 in the appendix for an added variables plot) .
Critically, from the point of view of the proposed theory, we find evidence in favor of the physiological check: In column 1 body size is negatively correlated with density, a result which cannot be ascribed to reverse causality as seen from column 2. One may observe from the reported F-value that height is a strong instrument for body size (i.e., weight). While the point estimate increases when 2SLS is invoked it is statistically insignificantly different from its OLS counterpart. Conditional on the exclusion restriction this suggests that reverse causality is only a minor problem. This negative link between population density and body size is consistent with a key implication of the theory. Namely, that higher metabolic costs of child-rearing serves to limit fertility, and thus in the long-run, population density (see Figure  A .3 for an added variables plot).
In columns 3-6 we find evidence in favor of a positive impact from body size on labor productivity. This is consistent with the theory, according to which the positive link is due to higher body size related productivity and a higher land-labor ratio (cf. column 1 and 2). In the long-run, therefore, income is sufficient to cover the higher metabolic needs of citizen's of larger body size (see Figure A .4 for an added variables plot).
While the 2SLS estimates in column 2, 4 and 6 show that the results cannot be ascribed to reverse causality, the issue of omitted variable bias cannot be ruled out a priori. As in the baseline model we therefore also checked the OLS results against the inclusion of a larger set of controls. These results are found in Appendix Table 4 .A. The results are very similar to those reported in Table 4 , giving some assurance that omitted variables are not driving the results. We also re-estimated the models in Table 4 on a sample consisting solely of African countries. Despite a reduction of sample size by nearly 25 percent the key IV results, involving the negative link between body size and population density (the physiological check) as well as the positive link between body size and productivity, still obtains. These additional regression results are available upon request.
Overall we view these results, taken in their totality, as encouraging from the point of view of the proposed theory. The results reported in Tables 3 and 4 support predictions 1-5, of which 3-5 are unique to the theory developed above. Particularly important are the results that testify to a trade-off between population density and average body size, as it constitutes a clear-cut prediction of the model, ultimately reflecting the physiological check: larger parents have smaller families due to elevated metabolic costs from child rearing. This is, according to the theory, the central mechanism that prevents the take-off from occurring, despite the fact that parents invest in child quality; i.e., nutrition (main text) or child body size (Appendix B).
5.2.4.
Results: Hunter-Gatherers. The data used in this section was compiled by anthropologists . As noted in the Introduction a size-number trade off is well established in biology and anthropology. What is less obvious from this literature however (and not reported by Walker and Hamilton) is the slope of the negative link between population density and average body size; this estimate is naturally of some interest in light of our independent estimates in Table 4 .
Moreover, based on the information reported in , Table 1 ) it is possible to construct additional controls which may have influence on the correlation between body size and density. In particular, it is possible to test the robustness of the link between body size and density to the inclusion of log absolute latitude, a dummy variable capturing whether the society in question is coastal as well as whether the hunter-gatherer tribe is located in Africa. This set of controls largely mimics our preferred specification, which in turn is taken from AG. Unfortunately we do not have an obvious measure of productivity. But we can perform a series of robustness checks by adding further controls for the type of ecology which surrounds the individual tribes, as this is rather varied, ranging from Australian deserts to the polar tundra of Alaska. Hopefully these added controls may capture "productivity". 22 Table 5 : The Physiological Check: Hunter-Gatherers
Log ( . Table 5 reports the results from estimating equation (17). In the first column we study the pure correlation between density and average population size, and in column 2 we run 22 Still, there is a reason to believe that the cross-society variation in productivity may be minor. Specifically, one may hypothesize that these societies remain hunter-gatherers precisely because -at their exact location -the environment is highly productive for the purpose of hunting and gathering. Hence, if these societies uniformly are highly productive (from the perspective of hunting and gathering) the lack of a control for productivity is less of a problem. the specification which comes the closest to mimicking the baseline specification in the crosscountry analysis. The next five columns then add dummy variables capturing variation in local ecology. In every case body size is significantly and negatively correlated with population density as expected.
The key finding, however, is that the size of the estimate for log(m) nearly coincides with those obtained in Table 4 . In particular, in our baseline specification of Table 4 (column 1) we obtain an estimate of -4.56, whereas the result across hunter-gatherers, in a very similar specification (column 2), is -4.88.
The fact that we are able to detect a similar data pattern -down to point estimates -in these two very different samples suggests that whatever mechanism is generating the pattern is highly pervasive. We believe a good candidate mechanism is the "physiological check", which, according to the proposed theory was critically important in preventing income from rising during most of human existence. If income temporarily rose, parents responded by increasing family size and by offering their children better nutrition. In so doing, however, parents inadvertently increased the metabolic costs of child rearing for their offspring. In the absence of further positive income shocks, the next generation was thus forced to reduce family size and nutrition per child. As a result, temporary gains in body size eroded and income stagnated.
Conclusion
The theory developed in the present paper proposes that child quality investments have been made throughout history. These quality investments in child nutrition were productive and served to elevate individual productivity. Nevertheless, in the long run income stagnated. We hypothesize that the state of stagnation persisted due to a "physiological check": when body size increases subsistence requirements grow, which limits further nutritional advances and stabilizes the economic system around an endogenously determined subsistence boundary. We argue this is a key mechanism in explaining the absence of per capita income growth, which characterized most of human history, and represents a fundamental reason why episodes of technological change did not instigate rising body size and labor productivity. In fact, as shown above, with quality investments taking place the Malthusian positive check is not sufficient to equilibrate the economy.
The two millennia that preceded the fertility transition in Europe witnessed gradually rising population density, punctuated by occasional declines for disease related reasons. At the same time, however, body size did not exhibit any upward or downward trend. Our theory elucidates the mechanics behind this fact and the developed model is able to quantitatively account fairly well for the periodic changes in body size over the period in question.
While our theory predicts that income per capita should stagnate within countries, it also predicts that income per capita levels may well have differed across countries prior to the take-off. Differences across societies in body size, due to natural selection say, would imply persistent differences in nutritional requirements of adults. According to the proposed theory one would expect societies characterized by larger individuals to feature lower fertility, because the metabolic costs of child rearing inevitably will be larger. In the long run, therefore, one would expect to see societies where individuals are larger to be less populous. In addition, income per capita should be higher. Partly because size confers a productivity advantage, and partly because of a lower labor-land ratio. With a higher income per capita level larger bodies can be sustained.
Our empirical analysis, using a cross-country sample of "latecomers" to the fertility transition does not allow us to reject these predictions. Within our sample of countries, which nests the poorest nations on earth, we find that larger body size (measured by weight) is positively associated with labor productivity and conditional on agricultural productivity, negatively linked to population density. At the same time, greater inherent productivity in agriculture is neither related to higher (agricultural) labor productivity nor to larger body size.
Appendix A: On the Nummerical Analysis of the Model
Stability. For stability analysis we evaluate the Jacobian determinant of system (12) numerically. Given the value of b fixed by nature, we have identified the elasticities α and φ and weight on child quantity in utility γ as the parameters whose change induces the strongest reaction of dynamic behavior. Figure A shows An evolutionary argument for the size of γ. In light of the models' sensitivity to the value of γ it is of interest to try to gauge a likely size of this parameter. As it turns out, the weight of child quantity in the utility function can be given an evolutionary motivation, from which a magnitude is implied.
with y determined by (10). At the steady-state, n t = n * = 1. Using this information in (19c) and solving for y provides (21).
The utility-from-child-size model thus preserves the positive association of income and body-size. Since y * does not directly depend on a, d, or ρ, the model preserves the feature of a positive association across steady-states when countries differ (genetically) in stature of their inhabitants. Substituting (21) into (20a) provides body size at the steady-state.
This expression looks very similar to the original m * from the baseline model. Inserting y * into (20b) provides population density at the steady-state.
Note that population density does not directly depend on a, d, or ρ. This means that the utility-from-child-size model preserves the feature of a positive association between body size and income across country-specific steady-states when countries differ (genetically) in stature of their inhabitants. The expression (23) is less compact than in the baseline model. But visual inspection reveal that the utility-from-child-size model preserves the features of the baseline model stated in Proposition 2, 3 and in Corollary 1. 
Sample.
As noted in the text we employ only countries for which (a) data is available for body size, and, (b) that Reher (2004) classifies as "latecommers" to the demographic transition. "Latecommers" are those where the fertility transition occurred in 1980 or later. Reher (2004, p. 21) explains the criteria for pinpointing the date of the transition:" It has been set at the beginning of the first quinquennium after a peak, where fertility declines by at least 8% over two quinquennia and never increases again to levels approximating the original takeoff point". 
0.325
Notes: (i) The dependent variable in Column 1, 5 and 9 is log population density in 2000; in 2, 6 and 10 it is log body size (kg); 3 , 7 and 11 it is log GDP per worker, and in Column 4, 8 and 12 it is log GDP per worker in agriculture. (ii) All estimation by OLS; Robust errors in parentheses; *** p < 0.01, ** p < 0.05, * p < 0.1. (iii) "Log soil" is a measure of soil quality; "log latitude" is log of absolute latitude; "distance to coast" captures average distance in km from coast; "% Near coast" is fraction of land area within 100 km of coast; "Africa" is a dummy variable; "Rugged" measure terrain ruggedness; "% Tropical area" measures fraction land in tropical climate zone; "Island" is a dummy; GBR and FRA colony is a dummy for former British and French colony, respectively; "ELF" is Ethno-linguistic fractionalization in 1985 and "Neolithic" measures time since the Neolithic transition, adjusted for migration. See Appendix C for data sources. 
(2) Notes. (i) The dependent variable in Column 1, 4 and 7 is log population density in 2000; 2 , 5 and 8 it is log GDP per worker, and in in Column 3, 6 and 9 it is log GDP per worker in agriculture. (ii) Estimation by OLS; Robust errors in parentheses; *** p < 0.01, ** p < 0.05, * p < 0.1. (iii) "log(m)" is log body size in kg; "Log soil" is a measure of soil quality; "log latitude" is log of absolute latitude; "distance to coast" captures average distance in km from coast; "% Near coast" is fraction of land area within 100 km of coast; "Africa" is a dummy variable; "Rugged" measure terrain ruggedness; "% Tropical area" measures fraction land in tropical climate zone; "Island" is a dummy;
